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Abstract
EGF-responsive C17 murine-derived neural stem cells (neurospheres) were grafted into the dentate gyrus of adult male rats after dentate
granule cells lesions produced by colchicine injections. Behavioural performance was evaluated over two post-grafting periods, using tests
sensitive to hippocampal dysfunctions. The first period began 1 month after grafting and testing conducted in the water maze and the
radial maze distinguished working- and reference-memory performance. The second period began 9 months after grafting and learning
performance was also evaluated in a Hebb–Williams maze, in addition to both other tests. The lesions induced lasting deficits in all tests.
During the first period, the grafts had no effect in either test. Conversely, during the second period, grafted rats showed a weak improvement
in the water maze and a significant increase of reference memory performance in the radial maze. In the Hebb–Williams maze, performance
of grafted rats was close to normal.
Strengthening the idea that dentate gyrus granule cells play an important role in the acquisition of new (perhaps more configural than only
spatial) information, our results, moreover, suggest that neurosphere grafts may foster recovery after damage to point-to-point connection
systems in the adult brain.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
Evidence suggests that fetal hippocampal grafts achieve
considerable functional integration into a host brain. Field
et al. [12] showed that such grafts placed in the hippocam-
pus are contacted by host neurons in an appropriate laminar
fashion, provided that cells are replaced homotypically
within the lesion site. These observations demonstrate that
fetal grafts may restore the information flow within the
hippocampal formation in a relatively point-to-point man-
ner. This data has been supported by the demonstration
that grafts of dentate granule cells, but not of CA1 cells,
restored long-term potentiation (a correlate of learning) in
rats with dentate gyrus lesions [9]. In terms of cognitive
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effects, fetal grafts have also shown good tissue-specific
potentials: CA1, but not CA3 or dentate granule cell grafts,
improved water-maze performance in rats subjected to is-
chemic damage of CA1 neurons [17,35,36,44]. Similarly,
after colchicine lesions of the granule cells in the dentate
gyrus, performance was restored only by grafts contain-
ing dentate granule cells [44,63]. Thus, after a selective
hippocampal cell field lesion, there is a high degree of
specificity in the type of fetal tissue enabling restoration of
spatial function in the water-maze test.
Such results suggest that fetal tissue from particular brain
regions provide a possible donor source for intracerebral
grafting. However, the limited availability of suitable tis-
sue, along with the ethical [15], technical and safety issues
surrounding the transplantation of human fetal tissue, pose
a significant impediment to clinical progress. It may also
be interesting, perhaps necessary, to elaborate other graft-
ing techniques, based on the following remarks: the ideal
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source of tissue for neural transplantation would be cells
that can be exponentially expanded in culture, banked, tested
for the absence of adventitious agents, and cryopreserved.
In addition, these cells should be capable of differentiating
into appropriate phenotypes based upon environmental cues
[13,28,30,47,48].
Neural stem cells (NSCs) appear to fulfil these require-
ments. Moreover, they can be isolated in vitro through
the selective action of epidermal growth factor (EGF), and
in response to EGF, individual NSCs proliferate to form
clonally derived spherical colonies (neurospheres) floating
in the culture medium. Neurospheres contain cells which,
upon dissociation into single cells, give rise to new spheres
colonies (self-renewal potential) and cells (progenitor cells)
that can differentiate into neurons, astrocytes and oligoden-
drocytes (multilineage potential) [41]. Recently, it has been
described that neurons derived from NSCs form functional
synapses in vitro [52,57] and in vivo [1]. According to these
results and regarding the data which strongly imply a speci-
ficity of graft type-host connectivity in recovery after focal
hippocampal damage, we investigated the functional effi-
ciency of NSC-derived neurospheres (hereafter termed neu-
rospheres) on cognitive deficits associated with experimental
damage to the granule cells in the dentate gyrus of rats.
Selective destruction of the granular cells was produced by
injections of colchicine into the dentate gyrus as described
previously [22]. Over two post-transplantation periods (1–4
months and 9–12 months), the rats were tested in tasks
assessing cognitive function (water maze, radial maze and
Hebb–Williams maze). In both the water maze and radial
maze, the lesions used in the present study have induced ro-
bust working- and reference-memory deficits, as found in our
previous study [22]. Histological and immunohistochemical
examinations both enabled to verify the appropriateness of
the lesions and tried to establish the survival of the grafted
neurospheres.
2. Experimental procedures
All procedures involving animals and their care were con-
ducted in conformity with the institutional guidelines that
are in compliance with national (Council Directive #87848,
19 October 1987, Ministère de l’Agriculture et de la Foreˆt,
Service Vétérinaire de la Santé et de la Protection Animales;
authorization #67-14 bis to H.J., #67-101 to S.S. and #6212
to J.C.C.) and international (NIH publication no. 86-23, re-
vised 1985) laws and policies.
2.1. Animals and design
Thirty young adult Long–Evans male rats (R. Janvier,
France) were used. They were kept individually in transpar-
ent Makrolon cages (42 cm×26 cm×15 cm) in rooms with
musical background and were maintained on a 12 h/12 h
dark/light cycle (lights on at 07:00 h) under controlled tem-
Table 1
Timetable of the experiment
Weeks Procedure
1–2 Colchicine lesions and recovery
3–4 Transplant surgery and Cyclosporin-A treatment
8–9 Water-maze test (reference- and working-memory
assessment)
10 Food deprivation
11 Radial maze pre-training
12–18 Radial-maze test
42–43 Water-maze test (reference- and working-memory
assessment)
44 Food deprivation
45 Radial maze pre-training
46–51 Radial-maze test
53 Hebb–Williams training
54–56 Hebb–Williams test
63 Perfusion for histology and immunohistochemistry
perature (21± 1 ◦C). Animals were housed with ad libitum
access to food and water throughout the experiment ex-
cept for training and testing periods in the radial and the
Hebb–Williams mazes for which they were kept under a
food-restricted diet in order to maintain their body weight
at approximately 85% of its initial value. The behavioural
performance of the rats was assessed in tests known for
their sensitivity to hippocampal lesions or denervations.
The tests were started at two post-transplantation delays (1
and 9 months). Upon completion of behavioural testing, at
about 14 months post-lesion, all rats were sacrificed and the
brains processed for histological examination. A time-line
of the study is shown in Table 1.
2.2. Colchicine lesions
At approximately 60 days of age, the rats were allocated
into three groups. In two groups, the rats received bilateral
infusions of colchicine (Sigma, St. Louis, MO) while the
control group (Sham group) received an equal amount of
vehicle alone. All surgical procedures were conducted under
aseptic conditions on animals anaesthetised with sodium
pentobarbital (65.0 mg/kg, i.p.; Sanofi, France). Rats were
lesioned using 3.0g colchicine (Col, 3.0 mg/ml, n = 21;
Sigma) in sterile 0.1 M phosphate buffer (pH 7.4) which
was injected into five sites (0.1l delivered to each site
over 1 min) along the dorsal extent of the dentate gyrus
in each hemisphere. Antero-posterior (AP), lateral (L) and
vertical (V) coordinates (in mm) were taken relative to
Bregma [38]: (1) AP −2.2, L ±1.0, V −5.0; (2) AP −3.0,
L ±1.4, V −4.9; (3) AP −4.0, L ±2.0, V −4.8; (4) AP
−4.7, L ±2.6, V −5.1; (5) AP −5.3, L ±3.5, V −5.2.
The incisor bar was placed at the level of the interaural
line. Injections were made through a 2.0-l Hamilton sy-
ringe. After each injection, the needle was left in situ for
2 min to allow diffusion before being retracted, and animals
were allowed to recover from anesthesia under a warm
lamp.
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2.3. Preparation and maintenance of neurospheres
Neurospheres have been prepared as described by
Tropepe et al. [53] with some modifications. Telencephalic
vesicles of C57 mice embryos (ED 10.5) were dissected
and mechanically dissociated with a fire-polished Pasteur
pipette in serum-free neurosphere culture medium, reported
as “standard medium” (DMEM/F-12 (1/1), supplemented
with 25g/ml insulin, 100g/ml transferrin, 20 nM pro-
gesterone, 60M putrescin, 30 nM selenium and 20 ng/ml
EGF) as described elsewhere [56].
The dissociated cells were plated in 24-well plates
(Nunc). After 7DIV, most of the cells died whereas a
small percentage of cells proliferated by forming clusters
of undifferentiated cells floating in the medium, referred
to as the neurospheres (spheres). These primary spheres
were spun down (600 rpm/5 min), dissociated mechani-
cally and chemically by making use of a “dissociation
solution” (Sigma), and were further expanded by transfer
into fresh standard medium, in which they were cultured
for generating secondary spheres. Secondary cultures were
transferred into 250 ml flasks (Falcon). Culture flasks were
coated with poly(2-hydroxy-ethyl-methacrylate) (poly-
HEME, 1.6 mg/cm2; Sigma) to prevent spontaneous cell
attachment. Neurospheres could be maintained for long
periods of time by successive passages involving disso-
ciation and proliferation. For transplantation, secondary
neurospheres were collected after 5 days in culture, gently
triturated to generate clusters of 10–20 cells and injected at
concentration of about 2500 cells/ml in standard medium.
We checked that the injected neurospheres were multipo-
tential by plating on a polyornithine support where they
differentiated into neurons, astrocytes and oligodendrocytes
(data not illustrated here) in proportions characteristic for
wild type neurospheres as previously reported [41].
2.4. Transplantation
Approximately 10 days after lesion surgery, a subgroup
of Col rats (Graft, n = 12) received transplants of the neu-
rospheres described above while all other rats (Sham and
Col groups) were injected with the defined culture medium
(i.e. “standard medium”, without the addition of serum). All
surgical procedures were again conducted under aseptic
conditions on rats intraperitoneally injected with sodium
pentobarbital (65.0 mg/kg). Rats from the Graft Group
were injected with a total amount of 6.0l of neuro-
spheres in suspension at a concentration of approximately
2500 cells/l. Injections (either neurospheres or standard
medium) were administered bilaterally to three sites per
hemisphere (1.0l delivered to each site over 1 min) dis-
tributed along the dorsal extent of the dentate gyrus. Exact
coordinates of the injection sites (in mm) relative to Bregma
[38] were as follows: (1) AP −2.6, L ±1.2, V −4.6; (2)
AP −4.0, L ±2.0, V −4.5; (3) AP −5.0, L ±3.0, V −4.7.
The incisor bar was placed 3.0 mm below the interaural
line. Injections were made using a 10-l Hamilton syringe.
After each injection, the needle was left in situ for 2 min to
allow diffusion before being retracted. All rats, including
those with control transplants, were immunosuppressed by
daily intraperitoneal injections of Cyclosporin-A, at a dose
of 10 mg/kg, for 10 days post-transplant.
2.5. Behavioural studies
The first series of behavioural testing started 1 week after
the end of Cyclosporin injections, that was approximately
1 month after the completion of transplantation surgeries,
and lasted about 3 months. The second series of tests began
about 9 months after transplantation surgeries and lasted 4
months. The spatial learning and memory capabilities of rats
were assessed in the Morris water maze and in the radial-arm
maze tests during the first testing period. Over the second
testing period, performance of rats was also evaluated in the
Hebb–Williams maze test.
2.5.1. Morris water maze (MWM)
It consisted of a circular pool (diameter 160 cm; height
60 cm) filled with water to a height of 30 cm. The water
(∼21 ◦C) was made opaque with powdered milk. The pool
was located in an experimental room surrounded by cues ex-
ternal to the maze (e.g. stool, computer, animal cages, sink,
etc.) which could be used by the rat to guide its naviga-
tion. The pool was virtually divided into four quadrants of
equal surface and different starting points were identified. A
circular platform (diameter 11 cm) was placed in the pool,
1 cm underneath the water surface. It was nor visible for the
rat. For each trial, the rat was released from the side of the
pool, facing the wall at a randomly assigned starting point,
and given 60 s to reach the submerged platform. When the
rat found the platform, it was left there for 10 s before the
next trial was started. Each rat completed four consecutive
trials a day. When the rat did not find the platform within
60 s, the experimenter placed it there for 10 s before the next
trial was run. Using a video-tracking system (Noldus, The
Netherlands), the latency to reach the platform and the dis-
tance swum by the rat were recorded for each trial. At the
end of the four trials, the rat was removed from the pool,
towel dried, and returned to its home cage. This test was
performed using two separate procedures, one considered
sensitive to disruption of reference memory and the other
one considered sensitive to disruption of working memory.
2.5.2. Reference-memory procedure
During 5 consecutive days, the platform was placed in
the NW quadrant (Q3). Each day, each rat was given four
trials, the starting point differing for each trial. Different
starting points were assigned randomly each day. When the
last trial of the last day was completed, the platform was
removed and the rat was given a probe trial for 60 s. The
testing procedure used before the probe trial is considered
to provide a measure of spatial reference memory, while the
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probe trial is considered to measure the strength of spatial
learning.
2.5.3. Working-memory procedure
The testing protocol was similar to that used for testing
reference memory except that the platform was placed in
a new location each day and the rat was released from the
same starting point for each of the four consecutive daily
trials. Rats were tested for 5 consecutive days.
2.5.4. Radial-arm maze (RAM)
RAM training and testing were run using two identi-
cal grey polyvinylchlorid RAMs placed in an experimental
room with several different visual cues around the mazes
(e.g. animal cages, stools, trash basket, curtain, etc.). The ra-
dial maze, elevated 68 cm above floor level, had eight arms
(60 cm long and 10 cm wide) radiating from a central octag-
onal platform (diameter 40 cm), with a concave food well
located 3 cm from the end of each arm. A 3-cm high border
was fixed to the arms and 30 cm×20 cm walls were fixed to
each arm entrance. Guillotine doors controlled access to the
arms. In each maze, 16 infrared photocells (two per arm, one
at 12 cm from the entrance and the other 8 cm from the end,
with the infrared beam 4 cm above the floor level) enabled
the entries and movements of rats to be followed. Sequences
of photocell beam interruptions were monitored with a mi-
crocomputer. The mazes remained in the same location with
respect to extramaze cues.
2.5.5. Training procedure
The body weight of all rats was reduced progressively
(over 14 days) and subsequently maintained at about 80% of
the free-feeding value throughout testing. Water was avail-
able ad libitum. All rats were habituated to eat calibrated
food pellets (45 mg, Noyes, distributed by Sandow Scien-
tific, UK) in the 5 training days before the period of testing.
On the first day, only one arm was accessible and its food
well contained eight pellets. On the second day, two adja-
cent arms were accessible containing four pellets per food
well. For the following 3 days, three adjacent arms were
accessible with two pellets placed in each food well.
2.5.6. Testing procedure
Following training, all rats were tested once a day for 32
trials. The procedure used was allowed to determine two
types of memory (working and reference memory) failures
within the same session [19]. On a single trial, the rat was
placed on the central platform with all guillotine doors open.
Four arms were baited according to two different patterns:
1, 3, 4, 6 and 2, 5, 7, 8. The baited arms were always the
same for each rat, but changed from one rat to another. The
rats remained in the maze until all four reinforcements had
been eaten or until 5 min had elapsed, whichever occurred
first. Reference memory supposes information that remains
constant over time to be stored and used appropriately (i.e.
the never-baited arms) and difficulties in reference memory
are thus reflected by choices of arms that were never baited.
Working memory (WM) supposes information that is perti-
nent only within a short period of time to be stored and used
appropriately, and impairments in working memory are in-
dicated by repeated entries into arms that have already been
visited within the trial.
2.5.7. Hebb–Williams maze
The maze consisted of a square box (75 cm × 75 cm)
made of black painted wood walls (height 12 cm) and cov-
ered with a transparent plastic top. The white floor was
divided into 36 black-outlined squares, which allowed the
experimenter to define error zones and to arrange appro-
priately the removable black walls (height 12 cm) used to
build up the daily different maze patterns. Start and goal
boxes (40 cm× 15 cm× 12 cm) were located in two diago-
nally opposite corners and equipped with sliding doors. The
illumination was provided by a 40-W white light placed
centrally, 1.20 m above the maze. The body weight of each
rat was kept at 85% of its initial value and was maintained at
that level throughout testing. Following a standardised pro-
cedure, the rats were pre-trained over 10 days in the maze in
order to familiarize them with the maze and the food reward.
During the first 2 days of pre-training, groups of two rats
were placed in the maze (without walls inside) and allowed
both to explore it freely for 10 min and to have access to food
reinforcement. During the remaining 8 days, six individual
trials per day were performed using simple maze patterns.
Following pre-training, all rats were tested on the standard
series of 12 Hebb–Williams maze-learning problems [40],
one problem per day and six trials per problem. Initial and
repetitive errors were recorded (added up, they correspond
to total errors). An initial error was defined as the first en-
trance with at least the two forepaws into a given error zone
of a blind alley on a given trial; repetitive error was defined
as further errors made in the same zone on the same trial.
3. Histology and immunohistochemistry
After completion of all behavioural testing, each rat was
given an overdose of sodium pentobarbital (100 mg/kg) and
transcardially perfused with 60 ml of phosphate-buffered 4%
paraformaldehyde (pH 7.4; 4 ◦C). The brain was then ex-
tracted. Ten rats (three Sham, three Col and four Graft rats)
were used for histological verifications, the others were used
for immunohistochemical evaluations.
For histological verifications, after extraction, the brain
was post-fixed for 4 h and transferred into a 0.1 M phosphate-
buffered 20% sucrose solution for about 36–40 h. Coronal
sections (30m) were cut on a freezing microtome and col-
lected onto gelatine-coated slides. The sections were dried
at room temperature and stained with cresyl violet [45] to
identify lesion sites.
For immunohistochemical evaluations, floating coronal
vibratome sections of 70m thickness were collected and
kept in −20 ◦C cryopreservative medium.
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At 24 and 48 h of culture, neurospheres were fixed in
phosphate-buffered 4% paraformaldehyde for 30 min and
rinsed in phosphate-buffered saline (PBS).
3.1. Immunolabelling
After 1 h pre-incubation in PBS containing 0.1% Triton
X100 and 5% donkey serum, floating vibratome sections or
neurosphere cultures were incubated overnight in primary
antibodies: goat polyclonal antibody directed against Nestin
II, an intermediate filament protein specifically expressed
in neuroepithelial stem cells (1/100; provided by Lendahl
et al. [26], Stockholm, Sweden), rat monoclonal antibody,
designated M2, directed against mouse glial and neuronal
cell surfaces (1/100; prepared by Lagenauer and Schachner
[25], Pittsburgh, PA), or rat pre-absorbed polyclonal rat
anti-mouse IgG (1/200; Jackson Immunoresearch, West
Grove, PA). After three washes in PBS, preparations were
incubated for 1 h at room temperature with secondary anti-
bodies: Alexa 594-conjugated anti-goat IgG and fluorescein
isothiocyanate (FITC)-conjugated anti-rat IgG (1/200, Vec-
tor, France), respectively. After rinses, they were mounted
with an anti-fading medium. The immunolabelling speci-
ficity was tested by processing the preparations as described
above but omitting the primary antibodies.
3.2. Statistical analysis
All data were analysed using an analysis of variance
(ANOVA) followed, when appropriate, by 2 × 2 compar-
Table 2
Main behavioural effects found over the first post-grafting testing period
Behavioural test Variable F(2, 27) = value) Mean ± S.E.M.
Sham Col Graft
Morris water maze Reference memory
Distance (cm) 22.9, P < 0.001 684.4 ± 95.0 1205.7 ± 86.8∗ 1178.6 ± 50.9∗
Latency (s) 19.9, P < 0.001 24.8 ± 4.5 42.7 ± 3.4∗ 42.6 ± 2.4∗
Swimming speed (cm/s) 0.4, P = 0.7 30.7 ± 3.0 29.7 ± 2.9 29.5 ± 3.5
Probe trial
Distance (cm) in the platform quadrant (Q3) 4.8, P < 0.05 562.0 ± 42.0 446.1 ± 46.0∗ 406.8 ± 23.0∗
Time (s) in the platform quadrant (Q3) 7.9, P < 0.05 23.1 ± 1.4 16.3 ± 1.4∗ 16.2 ± 1.2∗
Swimming speed (cm/s) in
the platform quadrant (Q3)
1.2, P = 0.3 24.6 ± 1.0 27.6 ± 0.8 26.0 ± 1.3
Distance (cm) on platform area 5.0, P < 0.05 64.3 ± 10.2 33.5 ± 5.9∗ 33.8 ± 6.6∗
Working memory
Distance (cm) 9.8, P < 0.001 516.1 ± 51.1 748.9 ± 78.0∗ 939.7 ± 109.6∗
Latency (s) 10.4, P < 0.001 17.9 ± 1.9 26.5 ± 1.3∗ 33.2 ± 0.6∗
Swimming speed (cm/s) 0.2, P = 0.8 30.0 ± 0.2 29.3 ± 0.4 29.4 ± 0.7
Radial maze Reference memory
Number of errors averaged
over the eight 4-trial blocks
48.6, P < 0.001 1.7 ± 0.2 2.9 ± 0.08∗ 2.8 ± 0.04∗
Working memory
Number of errors averaged
over the eight 4-trial blocks
46.1, P < 0.001 0.4 ± 0.1 4.3 ± 0.3∗ 3.4 ± 1.6∗
All data are means (± S.E.M.). Abbreviations: Sham: sham-operated rats; Col: colchicine lesion; Graft: colchicine lesion + neurosphere grafts.
∗ Significantly different from values found in Sham rats, P < 0.05.
isons based on the Neuman–Keuls’s test [61]. Factors con-
sidered were the Group (Sham, Col, Graft) and, depend-
ing on the variable, the Testing Day (1, 2, 3, 4, 5 in the
water-maze reference-memory test), the Trial (1, 2, 3, 4 in
the water-maze working-memory test) and the Trial Block
(eight 4-trial blocks in the radial-maze test).
4. Results
4.1. First series of test
The results obtained at the first delay will not be pre-
sented in detail here (results not illustrated but summarised
in Table 2). Briefly, lesions were found to induce dramatic
deficits in all tests and there was no effect of the grafts what-
ever test was considered.
4.2. Second series of test
4.2.1. Morris water maze
4.2.1.1. Reference memory. Data are shown in Fig. 1. The
ANOVA of the mean escape distances (Fig. 1A) showed
significant effects of factors: Group (F(2, 27) = 10.6,
P < 0.001) and Day (F(4, 108) = 5.2, P < 0.001) but no
significant interaction. The ANOVA of the mean latencies
(Fig. 1B) yielded a comparable picture: the Group effect was
significant (F(2, 27) = 7.9, P < 0.001) and the Day effect
was also significant (F(4, 108) = 7.1, P < 0.001), but the
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Fig. 1. Mean (+ S.E.M.) distances (A), latencies (B) and swimming
speeds (C) to reach the platform in the water-maze test made according
to a protocol placing emphasis on reference memory. The rats were given
four trials each day with different release positions. Group abbreviations
refer to control (Sham), colchicine-lesioned (Col) and lesioned rats with
neurosphere grafts (Graft).
interaction between the two factors was not. The Group
effect was due to significantly impaired performance in le-
sioned rats, whether grafted or not, distances and latencies
being significantly increased in these two groups as com-
pared to Sham rats (P < 0.001 in each case). The Day effect
was due to a significant improvement of the overall level of
performance over time. The average swimming speed was
also analysed (Fig. 1C). There was no significant Group ef-
fect, but there was a significant Day effect (F(4, 108) = 4.1,
P = 0.005) which was due to an overall swimming speed
that increased significantly from day 1 to day 5, the largest
increase being seen from day 1 to day 2. The interaction
between factors Group and Day was not significant. Mean
group values (over all days) were (in cm/s): 23.8 ± 0.7 in
Fig. 2. Swimming patterns during the probe trial in control (Sham),
colchicine-lesioned (Col) and lesioned rats with neurosphere grafts (Graft).
The start point is indicated by the filled square and the location of the
platform during the acquisition trials by the black circle.
Sham rats, 24.5 ± 0.4 in Col rats and 24.0 ± 0.7 in Graft
rats.
4.2.1.2. Probe trial. Data are shown in Table 3 and Fig. 2.
During the probe trial, the rats showed average swimming
speeds which did not differ significantly across the three
groups. Mean group values were (in cm/s): 24.8 ± 1.1 in
Sham rats, 26.7±1.1 in Col rats and 24.7±0.9 in Graft rats.
ANOVAs of the average time spent and distance swum in the
platform quadrant (Q3) showed a significant Group effect
(F(2, 27) = 11.6, P < 0.002; F(2, 27) = 7.2, P < 0.003,
respectively). This effect was due to the significantly longer
time spent and distance swum in the platform quadrant (Q3)
by Sham rats compared to the two other groups. However,
concerning the distances swum over the exact area where the
platform was located during the acquisition phase of the test,
the ANOVA showed a significant Group effect (F(2, 27) =
4.2, P = 0.02) which was due to Col rats swimming for
significantly shorter distances over this location than Sham
rats; performance of the latter did not significantly differ
from those of grafted rats. In that way, the grafts induced an
attenuation of the deficit measured by this variable. Repre-
sentative swimming patterns from each group are shown in
Fig. 2.
4.2.1.3. Working memory. Data are shown in Fig. 3. The
ANOVA (Group × Trial) of the mean escape distances
(Fig. 3A) showed a significant Group effect (F(2, 27) = 6.8,
P < 0.004) and a significant Trial effect (F(2, 81) = 6.9,
P < 0.001), but no significant interaction between both
factors. The Group effect was due to significantly longer
distances swum before reaching the platform by lesioned
rats, whether grafted or not, as compared to Sham rats. The
difference between lesion-only and grafted rats was not
significant. The Trial effect was due to an overall improve-
ment of performance over trials, the distances swum before
reaching the platform during trial 4 being significantly lower
in comparison with that found on trials 1–3. ANOVA of the
latencies to reach the platform (Fig. 3B) showed a signif-
icant effect of factors Group (F(2, 27) = 7.1, P < 0.003)
and Trial (F(3, 81) = 13.9, P < 0.001) but not of the in-
teraction. The Group effect was due to significantly longer
latencies in Col and Graft rats as compared to Sham rats
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Table 3
Performance and variables recorded during the 1-min probe trial in the Morris water maze at the second post-grafting testing period
Behavioural variable Sham Col Graft
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
Swimming speed
(cm/s)
26.2 (±0.8) 27.7 (±1.1)∗ 24.8 (±0.9) 25.9 (±1.2) 25.5 (±0.8) 27.4 (±0.8) 26.7 (±0.9) 25.5 (±0.5) 23.2 (±1.0) 25.2 (±1.1) 24.7 (±0.9) 24.9 (±1.0)
Time (s) 9.6 (±0.9)∗ 12.4 (±1.2)∗ 21.2 (±1.2) 14.9 (±1.2)∗ 14.6 (±0.6)∗∗ 15.2 (±0.5) 15.1 (±1.2)∗∗ 14.3 (±0.9) 13.6 (±0.5) 16.6 (±1.1) 16.7 (±0.8)∗∗ 11.8 (±0.8)
Distance (cm) 241.7 (±26.0)∗ 346.6 (±43.0)∗ 516.6 (±26.0) 375.1 (±20.0)∗ 359.6 (±14.0)∗∗ 409.2 (±18.0) 400.1 (±30.0)∗∗ 361.9 (±30.0) 312.9 (±23.0) 407.3 (±26.0) 406.2 (±15.0)∗∗ 290.2 (±23.0)∗
Distance on platform
area (cm)
46.1 (±6.3) 22.7 (±4.6)∗∗ 32.2 (±4.9)
All data are means (± S.E.M.). Abbreviations: Sham, sham-operated rats; Col, colchicine lesion; Graft, colchicine lesion + neurosphere grafts.
∗ Significantly different from values found in Q3 (P < 0.05).
∗∗ Significantly different from values found in sham-operated rats (P < 0.05).
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Fig. 3. Mean (+ S.E.M.) distances (A), latencies (B) and swimming
speeds (C) to reach the platform in the water-maze test made according
to a protocol placing emphasis on working memory. The rats were given
four trials each day with an identical release position. Group abbreviations
refer to control (Sham), colchicine-lesioned (Col) and lesioned rats with
neurosphere grafts (Graft).
(P < 0.01 in each case). The difference between Col and
Graft rats was not significant. The Trial effect was due to a
significant improvement observed in rats in trials 2, 3 and 4
compared to trial 1, as well as in trial 4 compared to trials
2 and 3. While this suggests overall improvement in perfor-
mance over time, there was no significant difference between
trials 2 and 3. Concerning the swimming speed (Fig. 3C),
ANOVA showed no significant Group effect, but significant
effect of Trial (F(3, 81) = 6.0, P < 0.001) as well as a
significant interaction between Group and Trial (F(6, 81) =
3.0, P = 0.01). The Trial effect was due to a significantly
greater swimming speed in trials 2, 3 and 4 compared to
trial 1. There was no other significant difference. The in-
teraction effect can be explained by the increase in swim-
ming speed of Col rats in trial 2 as compared to trial 1,
while other rats (Sham and Graft) showed more stable per-
formance over trials. Mean group values over all trials were
(in cm/s): 24.9 ± 0.5 in Sham rats, 24.2 ± 1.7 in Col rats
and 24.6± 0.07 in Graft rats.
4.2.2. Radial-arm maze
Analyses were run on maze performance (errors) averaged
over 4-trial blocks. Data are shown in Fig. 4.
4.2.2.1. Reference memory. ANOVA of the number of
reference-memory (Fig. 4A) errors (Group×Block) showed
significant Group (F(2, 27) = 29.6, P < 0.001) and Block
effects (F(7, 189) = 12.1, P < 0.001) as well as a signif-
icant interaction between both factors (F(14, 189) = 2.3,
P = 0.006). The Group effect was due to the poor per-
formance of lesioned and lesioned-plus-grafted rats which
showed a significantly larger number of errors than Sham
rats (P < 0.001 in each case). However, there was a sig-
nificant beneficial effect of the graft, Graft rats performing
significantly better than lesion-only rats (P = 0.03). Re-
gardless of the surgical treatment, the Block effect was
mainly due to a significant decline of the overall number of
reference-memory errors over time, and more precisely dur-
ing the last blocks as compared to the first one (P < 0.02
in each case). The interaction effect can be explained by the
significant decrease of number reference-memory errors in
Sham and Graft rats over the eight blocks, while the number
of errors in the lesioned rats remained relatively stable.
4.2.2.2. Working memory. The ANOVA of the number of
working-memory (Fig. 4B) errors (Group×Block) showed
significant effects of factors Group (F(2, 27) = 16.8,
P < 0.001) and Block (F(7, 189) = 2.6, P = 0.01). There
was no effect of the interaction. The Group effect was
due to significantly impaired performance in lesioned or
grafted rats as compared to Sham rats (P < 0.001 in each
case). The Block effect was due to a significant decrease
of the number of errors from the second block onwards as
compared to the first one (P < 0.05 in all cases).
4.2.3. Hebb–Williams maze
Data are shown in Fig. 5. Analysis of the total (initial
and repetitive) number of errors made over the 12 prob-
lems showed a significant Group effect (F(2, 27) = 7.1,
P < 0.01). This effect was due to the poor performance of
lesioned rats which showed a significantly increased num-
ber of errors as compared to Sham and Graft rats (P < 0.05
in each case). These two groups did not differ significantly
from each other. In other words, grafts induced an almost
complete normalisation of performance.
4.3. Histology
Typical examples of granule cell lesion in the dentate
gyrus are shown in Fig. 6. Examination of the sections
stained with cresyl violet showed, in rats that had received
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Fig. 4. Mean (+ S.E.M.) number of reference (A) and working memory (B) errors in the radial-maze test. Group abbreviations refer to control (Sham),
colchicine-lesioned (Col) and lesioned rats with neurosphere grafts (Graft).
Fig. 5. Mean (+ S.E.M.) number of total errors over the 12
Hebb–Williams maze problems. Group abbreviations refer to control
(Sham), colchicine-lesioned (Col) and lesioned rats with neurospheres
grafts (Graft). (∗) Significantly different from Sham rats, P < 0.05. ( )
Significantly different from Graft rats, P < 0.05.
Fig. 6. Representative examples of cresyl violet-stained coronal sections through the dorsal hippocampus of control (A), colchicine-lesioned (B) and
lesioned rats with neurosphere grafts (C). Scale bar: 500m in A–C.
the intradentate colchicine injection, a bilateral topographi-
cally circumscribed granule cell degeneration which, in this
area, was almost complete. This lesion was comparable to
that observed in a previous experiment [22]. In both stud-
ies, the granule cell damage started at about −3.6 mm from
Bregma and extended up to −5.8 mm in the antero-posterior
plan. The lateral parts of the granule cell layer were com-
pletely destroyed and there was a loss of neurons in the me-
dial part of region CA3.
In grafted rats, a few round cell clusters, densely stained
and scattered in the hippocampus, have been observed
on some cresyl violet-stained coronal sections (Fig. 7A).
However, close examination revealed a wider distribution
throughout the brain sections and comparable fragments
were also detected on brain sections of control animals. The
hippocampal tissue had a completely normal appearance,
and with exception of the lesion-induced changes, there
was no zone of gliosis and no trace of tissue degeneration
in the vicinity of the theoretical injection sites of the grafts.
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Fig. 7. (A) Cresyl violet-stained coronal section through the hippocampus of a colchicine-lesioned rat with neurosphere graft. Note the presence of a
cell cluster, densely stained, at higher magnification in the inset. (B) Nestin-immunolabelled neurospheres after 24 h in culture. (C) M2-immunolabelled
neurospheres after 48 h in culture. Scale bars: 500m in A; 30m in B and C.
In an attempt to trace the transplanted cells, we investi-
gated the expression of various markers, by using more par-
ticularly an anti-nestin antibody [26] and the mouse-specific
M2 antibody [27]. Neurospheres in culture were immunore-
active for nestin for 24 h in vitro (Fig. 7B). The labelling
disappeared afterwards, from 48 h in vitro, a stage at which
appeared a M2-staining of neurospheres, which outlined
Fig. 8. Coronal sections though the hippocampus of control (A and C)
and colchicine-lesioned rat with neurosphere grafts (B and D) 14 months
after transplantation. Immunolabelling for Nestin (A and B) and M2. Note
that the same type of labelled cells were observed in control rat receiving
no graft. Scale bar: 100m in A–D.
the cell bodies (Fig. 7C). Applied in the brain section
preparations from rats which received the grafts, anti-nestin
antibody revealed, in the hippocampus, a few cells radiating
numerous gossamer thin extensions for a considerable dis-
tance (Fig. 8B) while M2 antibody labelled, around the gran-
ular layer, large round cells extending a few thick processes
(Fig. 8D). However, in each case similar cells were detected
in brain sections of sham-operated rats (Fig. 8A and C).
5. Discussion
Based on a model of granule cell lesion in the dentate
gyrus, this study aimed at investigating whether intrahip-
pocampal grafts of neurospheres (1) survived in vivo af-
ter intrahippocampal transplantation, and (2) attenuated the
cognitive impairments produced by intradentate administra-
tion of colchicine. Our present results enable discussion of
each issue and can be summarised as follows.
During the first testing period (1–4 months after grafting),
a clear impairment of reference and working memory in the
water-maze test was observed in rats subjected to intraden-
tate injections of colchicine. A similar observation was made
in the radial maze, in which working and reference memory
were tested side by side on each trial. All these observa-
tions confirm the crucial involvement of the hippocampus,
and highlight the role of the dentate gyrus granule cells in
spatial memory processes [20,22,37,59]. At that time, there
was no effect of grafts. While a number of other studies em-
ploying different lesion and grafting methods have shown
behavioural improvement after transplantation, this im-
provement was usually observed after a delay considerably
longer than our first one, the grafts reducing behavioural
impairments only after a period of 7 or even 9–10 months;
this delay corresponds to the onset of our second period
of testing. During this second period, the lesion-induced
deficits were still present, but rats that received the grafts
showed a weak increase of performance in the water maze,
a moderate but significant attenuation of reference-memory
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deficits in the radial maze, and close-to-normal learning
performance in the Hebb–Williams maze.
5.1. Effects of the lesions
Intradentate colchicine injections produced destruction of
granule cells in the superior and inferior blades of the fascia
dentata. These observations are in line with previous stud-
ies on the effects of colchicine injections into the dentate
gyrus [14,22,50,58,64]. A loss of pyramidal neurons was
also observed, but this loss was restricted to a medial por-
tion of CA1 in the vicinity of the injection sites. Neurons
in CA3 were intact. All these data confirm that intradentate
colchicine injections damage granule cells and cause limited
loss to pyramidal neurons in CA1 [22,42].
Reporting lasting deficits of reference- and working-
memory performance in various spatial tasks after lesions of
granule cells in the dentate gyrus, previous studies provided
evidence for a role of these cells in spatial memory pro-
cesses [33,34,46]. That the lesion-induced effects obtained
in the present experiment were due to motivation or motor
deficits can be excluded as (1) colchicine injections did not
alter the swimming speed and (2) the deficits were found
on both the latencies (which are sensitive to sensori-motor
perturbations) and the distances (which resist to such per-
turbations). In addition, previous experiments showed that
hippocampal lesions in rats did not affect their ability to
swim [5,32,54]. Thus, our data in lesion-only rats are in line
with most previous findings and confirm our recent report,
in which the cognitive effects of lesions virtually identical
to the present ones have been discussed more extensively
than will be here [22].
The effects of intradentate colchicine have also been
investigated using other behavioural tasks, such as the ra-
dial maze, which are believed to evaluate similar cognitive
processes [16]. Jarrard et al. [21], using colchicine injec-
tions into the dentate gyrus, tested their rats with the same
radial-maze protocol as the one used herein that is a version
of the radial maze enabling concurrent testing of working
and reference memory. Interestingly and despite substantial
granule cell loss, these authors found that the lesions induced
only weak deficits in this test. Given that the lesion methods
were comparable to the present ones in several aspects, this
discrepancy was probably due to the extensive pre-training
(approximately 60 trials over a 6-week period) to which Jar-
rard et al. [21] had submitted their animals before surgery.
In a previous report [22], we showed that intradentate
injections of colchicine did not alter T-maze alternation, a
task that is probably not spatial per se (rats can solve it on
a single praxis strategy, without using a cognitive map) and
which requires only simple working-memory operations. We
concluded that the dentate gyrus plays an important role in
the acquisition of new spatial (rather than non-spatial) in-
formation and is an integral neural substrate for spatial ref-
erence and spatial working memory. This conclusion is also
in line with experiments relying upon other lesion methods
(exposure of neonates to X-ray) [7], or suggesting that gran-
ule cells operate with place-cell properties [31]. However,
it may not be completely right if contrasted with the data
from the Hebb–Williams task of the present study, a task
in which the spatial load as inferred from the definition of
the cognitive map formulated by O’Keefe and Nadel [37]
can be considered weak. Indeed, in this maze, the granule
cell lesions more than doubled the number of total errors,
suggesting that when the level of difficulty of a task with
weak spatial load is high (assuming that the difficulty in the
Hebb–Williams maze is larger than in the T-maze), rats with
granule cell damage also exhibit deficits. Should the latter
finding be related to the fact that rats with hippocampal le-
sions encounter problems when acquiring new, and perhaps
complex configurations, from which a cognitive map is only
one of the possible aspects [43]? This might to some ex-
tent explain why the rats with granule cell damage were im-
paired in all three maze tasks, and why, given the difficulty
of all three tasks, this impairment did not seem to crucially
depend only on a strong spatial load of the task.
5.2. Integration of the grafts
The most striking result of the present study is the
contrast between the positive effects of the grafts on the
lesion-induced deficits in two out of three tests and our fail-
ure to label the grafted cells. Despite several false hopes,
both histo- and immunocytochemical labelling failed to re-
veal any grafted neurosphere in vivo. First, neurosphere-like
round cell clusters densely stained with cresyl violet col-
oration were initially observed in the hippocampus of
grafted rats. However, these clusters possibly consisted of
fragments of choroidal plexus as similar features could
also be observed in both other groups of rats. Most proba-
bly, brain cryostat sectioning took out small fragments of
choroidal plexus which were removed from their initial lo-
cation and brought up to surrounding tissue. Second, with-
out any plausible explanation, round cells dispersed around
the granular layer of the hippocampus and exhibiting thick
dendritic-like extensions were able to pick up or adsorb
labelled-antibodies during immunocytochemical proce-
dures, leading to false positive cell detection, again in all
three groups. For example, this feature was observed with
M2-labelling, which revealed cells of comparable aspects
and location in brain sections processed with omission of
the primary antibody. Finally, when using specific markers
of cellular undifferentiated state, progenitor cells from ac-
tive hippocampal neurogenesis processes could be confused
with grafted neurospheres. In this concern, we must keep
in mind that the dentate gyrus is known as a native neu-
rogenic region where adult neurogenesis is still observed
[24]. This confusion between progenitor cells from active
hippocampal neurogenesis and our grafted neurospheres
seemed to occur with the antibody directed against nestin
which, in our preparations, labelled a peculiar cell type in
the hippocampus of both grafted rats and sham-operated
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control animals. Thus, although we tested a large number
of antibodies directed against various kinds of markers (e.g.
mouse specific components, state of cellular differentia-
tion, neuronal or glial characteristics), none of the labelling
techniques allowed us to detect, in vivo, specific cell types
likely to correspond to implanted neurospheres.
The first hypothesis that might account for the failure to
label the cells is that the grafted cells did not survive trans-
plantation. The neurospheres were prepared from mouse
striatum and grafted in the brain of rats. Although the
brain is a privileged site from an immunological viewpoint
[6,60], xenografts can undergo rejection, even in case of
Cyclosporin-A treatment (see Table III in [6]). In particu-
lar, a xenograft may be rejected within 1–1.5 month after
withdrawal of immunosuppressive treatment [60]. However,
if the neurospheres had been rejected, there would be an
enigmatic issue left: how to account for the improvement of
cognitive performance in the grafted rats of the present ex-
periment, which was clear-cut in the radial maze and even
dramatic in the Hebb–Williams maze? Some recent data
indicate that functional efficiency of grafted material does
not necessarily rely on cell replacement [39,55]. Different
hypotheses could be proposed to account for the functional
efficiency of grafted cells: (1) NSCs may induce plasticity
of the surrounding remaining cells, re-specifying them to
a new function, (2) NSCs (or factors produced by them)
may induce the endogenous NSCs, which are present as a
quiescent population of precursor cells in various loci of
the brain (particularly in the dentate gyrus), to proliferate
and differentiate according to the new requirements of the
environment. However, such hypothesis could only account
for rapid effects of grafted NSCs, detectable as soon as a
few weeks after their implantation. This was not the case
in our study, where beneficial effects of grafts in the radial
maze (reference memory) were found during the second
period of testing (9–12 months), and not during the earlier
one (1–4 months). Although not tested during the early
period of behavioural evaluation, beneficial effects of the
grafts were also found in the Hebb–Williams maze during
the late testing period.
The mechanisms by which grafted cells may influence
brain function are multiple (see Table I in [6]). They in-
clude graft-induced reinnervation of the host structure, with
or without establishment of synaptic contacts [10]. The pe-
culiarity of this mechanism of reinnervation is that it takes
several months before the integration of the grafts becomes
sufficient and behavioural effects can be observed [11]. In
the literature, delays of 5–9 months before graft-induced be-
havioural effects can be detected are not exceptions [11], and
it is, therefore, noteworthy that the behavioural effects in the
present study appeared after a delay compatible with that
of an efficient reinnervation process (see below for further
discussion on the mechanisms). Thus, one may assume that,
in a way or another, the grafts have survived, but that the
grafted cells were not labelled with our methods. The long
delay (about 12 months) between their implantation and the
immunodetection attempts may probably account for such
a failure. For example, M2 seems to be expressed in rather
“young transplantation cells”, and may disappear with time,
notably after cell myelinization [27]. However, pre-grafting
labelled cells should contribute to overcome this difficulty
in future experiments. In that way, through the use of in situ
hybridisation, or retrovirus, or cells pre-labelled in culture
with [3H]thymidine or pre-treated with bromodeoxyuridine
(BrdU), grafted stem cells could be found in vivo. More-
over, stem cells stably transfected by the gene encoding the
green fluorescent protein, or even ROSA26 embryonic stem
cells, a mouse stem cell line containing the lacZtrangene
and expressing -galactosidase (-gal), are now available
and represent potential candidates for future experiments.
5.3. Behavioural effects of the grafts
The failure of grafts to exert marked effects on cognitive
performance during the first testing period (1–4 months af-
ter surgery) could reflect incomplete integration of grafted
cells at short term. Actually, and as stated above, one possi-
ble mechanism by which grafts exert functional effect may
be the re-formation of neuronal networks damaged by the
lesion. It was recently reported that neurons derived from
NSCs were able to promote the re-formation of neuronal
networks in vitro, to form functional synapses and to gen-
erate action potentials, which supports the idea that such
neurons may be integrated into neuronal circuitries [52].
As just mentioned, such a process takes time, even if the
behavioural effects expressed by grafted NSCs have been
observed already quite shortly after transplantation [51].
Indeed, using rats subjected to a transient global ischemia
followed by grafts of NSCs in the hippocampus, Toda et al.
[51] reported an improvement of spatial recognition in the
water maze as early as 3 weeks after transplantation. In this
study, the time course of the improvement was coincident
with that of synapse formation in cultures [52]. However,
one must keep in mind that our experimental model was
completely different from that used by these authors, the ef-
fects of intradentate injections of colchicine being probably
more dramatic than those of transient ischemia [51].
Alternatively, the failure of grafts to exert effects on
cognitive performance at the early testing period (but note
that our rats were not tested in the Hebb–Williams maze
at that delay) could also be explained by the fact that our
grafted animals required repeated exposure to testing to
enable or stimulate the functional integration of the trans-
plants. Indeed, to become effective at a behavioural level, it
is possible that the grafted cells integrated into a particular
circuit had to be “trained” by neighbouring cells in order to
function appropriately. This suggestion, which might apply
to our radial maze data, implies that cellular transplantation
in the absence of “training” of the newly transplanted cells
might be less effective, as suggested by previous grafting
experiments using fetal tissue [3,8,23,29]. For instance,
Mayer et al. [29] reported that rats with striatal grafts in
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unilateral striatal lesion sites required 2–3 weeks of inten-
sive testing before their behavioural performance recovered
a normal level. Two indications in our experiment suggest
that experience may have played some role in the recovery
we observed. First, as already stated, this recovery appeared
only during the second period of testing. Second, during
this period, the difference between lesion-only and grafted
rats increased as a function of time (and thus of testing).
What about the mechanisms that might underlie the
graft-induced effects? Clearly, the dentate gyrus has not been
reconstructed, as evidenced by our histological data. Also, it
did not seem that stem cells-derived granule cells have been
substituted for the lost granule cells of the dentate gyrus.
Both possibilities would suppose an enormous amount of
cells to be generated and integrated in an extremely complex
morphological architecture. According to Toda et al. [51], a
very small amount of surviving stem cells that differentiate
into neurons are sufficient to induce behavioural effects.
Indeed, in their study assessing the behavioural impact of
grafts of NSCs implanted into the dorsal hippocampus of
rats subjected to ischemia, these authors found that approx-
imately 120 neurons derived from the NSCs had to survive
to enable beneficial behavioural effects, which is very few
in comparison with the amount of cells implanted [51].
This number can be compared with another one: in a rat
model of Parkinson’s disease, the survival of only as few
as 100–200 dopaminergic neurons enabled a reduction of
the behavioural deficits [4]. In the past, functional recovery
from spatial memory impairment was also observed in rats
subjected to intrahippocampal grafts of a fetal hippocampal
cell suspension after intradentate colchicine injections [49].
This recovery was noticeable after a delay of approximately
8 weeks. Both electrophysiological and anatomical data
from this experiment suggested that the transplant was able
to innervate the host brain and to form functional connec-
tions, but these effects were observed without reconstruction
of the damaged dentate gyrus. When considered together, all
these results suggest that the integration of the grafted cells
may have provided a framework for the processing of neu-
ral information, mediating or enabling the partial recovery
of behavioural responses. The precise mechanisms associ-
ated with the facilitation of functional recovery remain still
unclear, but different possibilities can be proposed. These
mechanisms include a diffuse release of substances from the
grafted cells, a release of trophic substances that modulate
the host milieu and encourage regeneration of endogenous
circuits, and, in turn, the integration of grafted cells within
the host tissue [6]. Other possible mechanisms include dif-
ferentiation of grafted cells into neurons, induction of cir-
cuits rearrangements outside the dentate gyrus accompanied
by functional takeover, strengthening of remaining granule
cells by production of trophic factors, stimulation of gener-
ation of new granule cells (neurogenesis), or even an early
induction of an immune response that resulted in removal
of the graft without altering the repair mechanism. Interest-
ingly, and this might be particularly relevant to our present
data, a previous experiment has shown that functional ef-
fects induced by a graft could persist after graft removal
[62]. Although these proposed actions are not mutually ex-
clusive, the fact that the behavioural effects described herein
were found after a rather long post-surgical delay is not in
favor of a neurotrophic action of the grafts, this mechanism
being usually suspected when effects are observed shortly
after transplantation. It must, however, be emphasised that
Hebb–Williams performance, which were dramatically im-
proved by the grafts, were not tested at a short post-grafting
delay. Thus, only the improvement of reference-memory
performance in the radial maze would be in contradiction
with a neurotrophic interpretation of the data. One must also
keep in mind that astrocytes might play an important role in
the functional recovery observed after transplantation. Thus,
it is possible that part of the grafted stem cells have adopted
such a phenotype, as described in an earlier study conducted
on aged rats subjected to intrahippocampal implantations
of MHP36 stem cells (cells from the conditionally immor-
tal Maudsley hippocampal stem cell line, clone 36) [18].
In this study, the authors found that approximately 18%
of MHP36 cells pre-labelled with the fluorescent marker
PKH26 and grafted in the ischaemic CA1 field adopted a
glial phenotype. In the same order of idea, it was found
that grafts of astrocytes promoted recovery from deficits
induced by cholinergic lesions as effectively as grafts of
primary fetal tissue [2]. Glial contributions may include
provision of a matrix supporting the survival and integration
of cells differentiating in neurons, release of trophic factors
(but see above as concerns the delay) that act on damaged
host or grafted neurons, or release of transmitter substances
to supplement the activity of host cells. Further studies
are clearly required to reduce the part of speculation on
this issue.
6. Conclusions
The present results confirm that rats with colchicine-
induced lesions of granule cells in the dendate gyrus ex-
hibited clear-cut cognitive deficits in spatial reference- and
working-memory capabilities assessed in the water- and
radial-maze tests. The data also demonstrate lesion-induced
learning deficits in the Hebb–Williams maze, a test in which
the spatial information processing is probably much less
prominent than in both other ones. The most important find-
ing was that in rats given intradentate neurospheres grafts,
the improvement from the lesion-induced deficits, which ap-
peared only during the second testing period (9–12 months
after grafting), was detectable in the radial maze and promi-
nent in the Hebb–Williams maze. Although our repeated
attempts to evidence the presence of grafted neurospheres
in the long term ended in failure, whereby the import of our
results is incontestably weakened, the established fact that
the improvement of cognitive functions was not observed
during the short post-grafting testing period indicates that
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the positive effects found in grafted rats can only be inter-
preted in relation with the neurospheres implantations. As
such, our results suggest that grafts of neurospheres con-
stitute a promising tool to foster behavioural recovery after
lesions altering point-to-point connection systems in the
adult brain. This suggestion should gain further weight in
future studies based on the use of cells pre-labelled before
their intracerebral implantation.
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